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Abstract
Incineration of plutonium by a once-through cycle in LWRs utilising an inert matrix based

fuel may prove to be an attractive way of making use of the energy of fissile plutonium and
reducing both the hazard potential and the volumes of the waste. Yttria stabilised zirconia
forms a solid solution with oxides of rare earth elements (e.g. erbium, cerium) and some
actinides. The small absorption cross section, the excellent stability under irradiation, and the
insolubility in acids and water recommends this material as an inert matrix. Neutronics
calculations with erbium as burnable poison show that these compositions would be optimal
from the reactivity point of view. A fuel element with an improved reactivity behaviour over its
life cycle has been designed for possible introduction into a heterogeneous LWR core.

1 Motivation

The inventories of spent uranium fuel, and hence of plutonium generated by commercial
nuclear power plants, are continuously increasing. In Europe, reprocessing of uranium based
fuel and MOX fabrication are industrial activities which will develop into a competitive option
for the back-end of the nuclear fuel cycle. Recycling MOX with the aim of radio-toxicity
hazard reduction with emphasis on the long lived isotopes is investigated in the context of
multiple recycling schemes based on fast reactors. Direct disposal of uranium fuel elements is
under evaluation, but it implies the intrinsic problem of burying rather large volumes of soluble
material with a high content of fissionable isotopes. For the elimination of excess plutonium by
its transformation into an inaccessible waste form, zirconia based inert matrix fuel (IMF) for
energy production in a LWR is a feasible option studied at PSI [1],[2]. The chopped claddings
might be seen as the source of zirconium for this matrix material, further reducing the waste
volume and concentrating the radio-toxic materials.

2 Fuel Matrix

Zirconium oxide is a promising candidate as inert matrix because it may be stabilised by rare
earth oxides in a single phase solid solution which offers attractive properties for a nuclear fuel.
In this material, rare earth oxides stabilise the phase in a cubic structure, and the stabilised
zirconia is then comparable to UO2 in MOX fuel. In the suggested fuel material, the stabilised
zirconia fluorite-type phase will be the host phase for plutonium, other actinide elements or
fission products. Binary cubic mixtures Z1O2-YO1.5 form solid solutions with numerous
dopants from room temperature to about 3000 K [3]. Little is known on the properties of
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zirconia based ceramics, and on their behaviour under irradiation. Some early studies reported
data on zirconia lattice expansion [4], thermal conductivity changes [5], and mechanical
property changes [6]. It was also observed that during neutron irradiation of uranium doped
zirconia, the phase transforms to cubic when the neutron fluence increases [7]. More recently,
Clinard [8] studied the behaviour of stabilised zirconia under neutron irradiation and showed
the presence of ordered inclusion arrays. All of this information indicates that these zirconia
based materials have a relatively stable behaviour under irradiation.

For estimating the in-pile behaviour of zirconia based fuel, the behaviour of both inert matrix
and simulated fuel materials is being studied under specific types of irradiation. Since fission
products such as Xe are known to cause considerable material damage, the stability of these
ceramic materials has been assessed under Xe irradiation utilising both high and low energy
particles.

2.1 Material Preparation and Analysis

The selected route for material preparation is aqueous co-precipitation of the nitrate salts
solution mixture by ammonia. This wet preparation method was adapted for the fabrication of a
simulated fuel material (ZrQgs.x.yYxEroojM^O] ^ . ^ with M = Ce, U or Th as analogue of Pu
(x= 0.10-0.15, y= 0.07-0.10). Subsequent drying, crushing, pelletising and sintering at 1875 K
was carried out for pellet preparation. The relative density of these material samples was about
95%. X-ray diffraction was used for phase interpretation and determination of second phase
formation. As an example Figure 1 shows that the quaternary material forms a single solid
solution. Lattice parameter measurements where applied for characterisation and the

Figure 1: XRD Spectrum and Structure of Pellet (SEM Micrograph) of a

(Zro.7Yo. 15Ero.o5Ceo. i )°i .9 Sample
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determination of theoretical densities. Specific samples for measurements were obtained by
cutting the pellet using a diamond saw.

2.2 Thermal Conductivity Analysis

Thermal conductivities of zirconia based inert matrix and analogous fuel materials were
measured and modelled [9]. Measurements were performed using the laser flash method and
systematically applied to binary, ternary and quaternary systems including zirconia, yttria, erbia
and ceria or thoria. Measurements were carried out from room temperature up to 1300K.
Thermal diffusivity results for simulated fuels are given in Figure 2 and compared to non-
irradiated and irradiated UCX Thermal conductivity was calculated using theoretical values for
specific heat capacity and was also modelled taking into account the effect of dopants on the
lattice parameter of the cubic solid solution and the oxygen vacancy size and concentration [9].
Experimental and lattice parameter values are compared prior to full justification of the results.
In the temperature range from 300 to 1000 K, the thermal conductivity of the single phase solid
solution with yttria, erbia and ceria as analogues of fuel material was confirmed to be about 2
W-TTT'-K"1, a value similar to stabilised zirconium oxide with similar dopant concentrations.
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Figure 2: Thermal Diffusivity for (Zr075Y0 10Er005Me0,\Q)OX 925 Me = Ce (•)
or Me = Th (±), for Uranium Oxide (•) and for High Burn-up Uranium
Fuel (•) with 63 MWd/kg UO2

In addition, inert matrix sample conductivity was measured up to 2200 K. It was striking to
note the large conductivity increase around 1500 K, reaching 3 W-m'-K"1 at 2200 K. These
samples presented, however, lower conductivities at room temperature (about 1.5 Wm'-K"1).
Recently, comparable thermal conductivity values were obtained by oscillating scanning
differential calorimetry for the same material (Figure 3). Energy transfer in this transparent
matrix must, however, be discussed on the basis of both photonic and phononic conductivities.
Based on the phononic conductivity, an annular pellet design to reduce the centre line
temperature has been proposed [2].
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2.3 Behaviour under Irradiation

The inert matrix and simulated fuel materials were irradiated using an analytical electron
microscope with a low energy Xe injector at the Japanese Atomic Energy Research Institute
(JAERI) and using the HVEM-Tandem Facility at Argonne National Laboratory (ANL).

For electron microscopy, trepanning disks of 3 mm diameter with a thickness of 10-20 |im in
the centre part were made by ultrasonic cutting and dimpling. Perforation was made by thinning
with a 3 keV Ar+ ion beam. With the electron microscope, amorphization and defect clusters
due to ion thinning were not observed on the inert matrix samples. In all samples cubic solid
solutions were determined. One as fabricated sample (with thoria included) presented locally
amorphous phases (about 10%) produced in the tri-join boundary spaces.

Observations and irradiation experiments for (Zr0g5Y0 ]0Er005)O] 925 with and without 10%
CeO2 at JAERI were performed in an JEM electron microscope equipped with an ion
accelerator. The beam of 60 keV Xe ions provided a flux of 51012 Xe-cnr2^-1. The irradiations
were carried out at room temperature and at 925 K accumulating relatively large doses,
simulating fission damage under light water reactor conditions (Figure 5).

The thickness of the sample observed with an electron microscope was about 50 nm.
Irradiation performed at the two temperatures demonstrated that for a dose of 1.8 10l6Xecm~2,
no amorphization was observed. The penetration depth of the Xe ions in the inert matrix
irradiated with 60 keV Xe ion was estimated to about 15 nm by the TRIM-95 code.

After ion irradiation, the volume swelling of the specimens was estimated from the total
bubble volume which was measured from bubble densities and average bubble radius. The
volume swelling was estimated to be about 0.19 % at room temperature and about 0.72 % at
925 K, respectively.

Simulated fuel samples (Zr075Y010Er005Th0 ]0)Oj 925) were prepared to investigate the
microscopic behaviour of the material under high energy irradiation (1.5 MeV). TEM sub-
samples were prepared by mechanical grinding and ion milling at the University of New
Mexico. The thickness of those samples was of the order of 100 nm and the irradiation took
place in the HVEM-Tandem Facility. The material was irradiated with an ion dose rate of
SAlO^Xe-cm'V1, to doses of 2.0-10l6Xecm2 with high energy Xe ions. Irradiation was
carried out at 20 K with a liquid helium stage, because previous experiences on ZrO2 have
shown that the phase is very resistant to amorphization, but that amorphization might occur at
sufficiently low temperatures at which defect recovery could be suppressed. Some observations
were carried on-line. (Figure 6)

At a fluence of 21016 Xe-cm"2, a high density of dislocation loops was observed, and the size
of the loops ranged from 20 to 60 nm. Detailed TEM analysis after ion irradiation did not
reveal any amorphization even near the grain boundaries. According to a full cascade TRIM-95
calculation (using Ed = 60 eV), the damage in the middle of the electron transparent TEM foil
(100 nm in depth) reached 25 dpa (deplacement per atom) at full ion dose.

The results of all examinations indicate that the irradiation temperature (20 K) is still too high
to destroy the crystal structure of stabilised zirconia [10]. Compared to the stability of UO2
under energetic irradiation conditions [11], the proposed IMF seems to be much more stable.
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Figure 5 : Process of Formation and Growth of Defect and Bubbles in

(Zro.85Yo.ioEro.O5)°i.925 during Irradiation with 60 keV Xe Ions of 5 1 0 l 2 X e c n r
2-S'' at 650°C. Courtesy Dr. Hojou, JAERI, Tokai-mura
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LG43-5/KI82/24.10.97

Figure 6 : Examination of Defects on a (Zr0 7 5Y0 10Er005Th0 10)O, 925 Sample

during Irradiation with 1.5 MeV Xe Ions of 2-1016Xe-cm"2 at 20 K
Courtesy Prof. Ewing, Uni New Mexico

LG43-&KI82/24.10.97
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3 Fuel Assembly Design

Based on scoping cell calculations [1] addressing the basic reactor physics characteristics
(e.g. depletion dependent reactivity variation, temperature and void coefficients, reactivity
control) of IMF, a promising candidate was identified, with ZrO2 being the inert matrix in
which the PuO2 fuel is embedded, and Er2O3 the burnable poison. This fuel was included in an
international benchmark exercise aiming at data and methods validation [12].

In a second step, whole-core three-dimensional neutronics analyses were performed [13], [14]
to assess the operational, safety-related, and - last but not least - plutonium consumption
characteristics of present-day PWR core designs fuelled with the aforementioned uranium-free
fuel. Within the scope of these studies (i.e. equilibrium cycle situations, homogeneous
uranium-free assembly design), the results obtained have been very encouraging. They indicate,
for a present-day 1 GWe PWR, the feasibility of a 100% uranium-free fuelled four-region core
with a cycle length of over 300 efpd. Its plutonium consumption capabilities (in terms of total
plutonium) are approximately twice as high as in the case of 100% MOX-fuelled cores, i.e.
60% to 70% of the initial plutonium inventory depending on whether reactor-grade or
weapons-grade plutonium is considered. At the same time, the operational characteristics (e.g.
reactivity variation with burnup, and power peaking) of the uranium-free cores are very similar
to those of conventional present-day UO2 fuelled ones. A discussion of the safety-related
parameters, on the other hand, asks for a more discerning approach. While the fuel temperature
feedback reactivity effect (Doppler coefficient) in the uranium-free (reactor-grade) core is
approximately half the value (in absolute terms) of that for the conventional UO2-core, the
moderator temperature coefficient is very similar, and the shutdown margin (reactivity margin
at hot zero-power conditions) is even larger - always when comparing the uranium-free with
the conventional UO2-core. The bottom line to date is that, although no cliff edges are expected
based on the results for safety-related parameters obtained from static neutronics analyses,
detailed transient studies are necessary to strengthen the safety case for the uranium-free cores.

The results presented in this paper summarise the main findings of the third step in the
physics design efforts towards the goal of enhanced plutonium consumption in present-day
PWRs fuelled with uranium-free plutonium fuel. In these studies, we have looked at "real-life
situations" which ask for "transition configurations" in which loadings with mixed UO2 and
uranium-free assemblies must be considered. The plutonium composition of the latter
corresponds to reactor-grade fuel with a burnup of approximately 40 GWd/t and 5 years
cooling time.

The problems faced when introducing uranium-free assemblies into a UO2-assemblies
environment are similar to those encountered in the case of MOX fuel [15]. Figure 7 shows the
distribution of the relative power densities for both a MOX fuel (Figure 7 (a)), and an uranium-
free assembly (Figure 7 (b)). In both cases the special assemblies are homogeneous and
surrounded by standard UO2-fuel. It is worthwhile mentioning that, with the exception of the
outermost corner pin (for which the spectral effect of the neighbouring UO2 - elements is
extreme), the spectral impact of the uranium, zone on the plutonium bearing assembly is
stronger in the case of the MOX fuel assembly than in the case of the uranium-free one.
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As a matter of fact, the spectral effects are "felt" well into the MOX assembly, while, in the
uranium-free case, they hardly influence the power distribution beyond the first pin row. This
may be explained by the fact that, on the one hand, the plutonium content in the uranium-free
fuel assembly is approximately 50% higher than in the MOX one (thus having a more
determining influence on the spectral properties), and, on the other hand, to the enhanced
thermal absorption rates, at beginning of life, in the uranium-free assembly due to the presence
of the burnable poison. Based on the results presented in Figure 7, an optimised heterogeneous
design of a 15 x 15 uranium-free fuel assembly has been obtained (Figure 8, V* symmetry). Its
simplicity, when compared to advanced MOX fuel assemblies [15], is apparent. The
distribution of the relative power densities for this subassembly surrounded by standard UO2-
assemblies at a depletion stage corresponding to 350 efpd is given in Figure 8 (right). This
burnup state - corresponding approximately to the end of the first cycle - has been chosen
because it is the most demanding one (the supplementary gadolinia in the corresponding
poisoned rod at the outermost corner position is depleted at this stage). As can be seen, the
power distribution is very satisfactory (maximum form factor not exceeding 1.16).

To determine the influence of the introduction of the proposed uranium-free fuel assembly on
the core parameters of a standard UO2- fuelled PWR, three-dimensional full core analyses of a
present-day 1 GWe PWR containing 4 and 12 such fuel assemblies have been performed. The
main results are summarised below:

- loading 4 uranium-free assemblies does not alter any of the operational characteristics
of the PWR core, as compared to the standard UO2 -fuelled case;

- in case 12 uranium-free assemblies are considered, the beginning of life boron
concentration is lower than in the standard UO2 -fuelled core.

The results summarised in Figure 9 quantify the effects on the power distribution. In Figure
9 (a), relative nodal power densities are indicated for the beginning of cycle situation of a
standard UO2-fuelled present-day 1 GWe PWR (maximum form factor not exceeding 1.52).
The four uranium-free fuel assemblies have been loaded symmetrically into the peak power
locations. The power distribution results for the beginning and end (gadolinia depleted) of cycle
situations are shown in Figure 9 (b) and Figure 9 (c), respectively. As can be seen, satisfactory
power distributions are attained, with form factors below 1.54 and 1.33 for the beginning and
end of cycle, respectively. The results presented so far strengthen the case for a gradual
introduction of uranium-free fuel assemblies having the design proposed in Figure 8 into a
present-day 1 GWe PWR. They indicate that loading 4 to 12 such assemblies permits to
envisage fuel management schemes compatible with current operational requirements (i.e.
cycle length, boron concentration, etc.). However, when considering the plutonium
consumption capabilities of such a core, caution is due with respect to using results obtained
for 100% uranium-free PWR loadings [14]. Clearly, additional studies are necessary to define a
detailed fuel management strategy beyond the 4-12 uranium-free fuel assemblies considered in
the present study, and towards 100% uranium-free fuelled cores. Nevertheless, based on the
results obtained for 100% MOX and uranium-free PWR-cores (about 430 kg/GWea and
1090 kg/GWea plutonium consumption rate, respectively [14]), conclusions with regard to the
plutonium consumption capability of uranium-free fuelled PWRs as compared to MOX fuelled
ones can be drawn.
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Figure 8: Optimised design and related
power density distribution for an
uranium-free plutonium fuel assembly
surrounded by standard uranium oxide
fuel.

The 1 GWe PWR considered consumes the
same amount of plutonium when loaded with
4 or 12 uranium-free fuel assemblies, as it
would with 10 or 30 MOX assemblies,
respectively. In other terms, if a PWR loaded
with a 1/3 loading of MOX assemblies can be
considered as operating in a "self-generating
mode", the same would be achieved with as
little as a 1/8 loading of uranium-free fuel
assemblies. The uranium-free fuelled PWR
has an edge over the 100 % MOX core also
when comparing the minor actinides (MA)
production. Per unit amount of plutonium
consumed, this is almost a factor of 2 lower in
the former case [14].
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4 The Fuel Assembly as Waste Form

An assessment of the radio-toxicity risk associated with the waste obtained from uranium-
free fuelled PWRs, and a comparison with MOX has been carried out on the basis of the
nuclide inventories in the discharged fuel. No barrier effects of the waste repository are
considered. The radio-toxicity risk values are thus obtained by multiplying the nuclide
activities in the discharged fuel by the corresponding effective ingestion dose conversion
factors derived from the ICRP Publication 61 data on the limits on intake of radionuclides by
workers [16]. Table 1 summarises the core inventories of the considered PWR variants at
beginning and end of life.

PWR
fuelled with:

UO2

100 % MOX

100 % U-free

Pu

0

5.2

7.7

Core inventory [103

BOL

U I MA

84.5 | 0

80.0 | 0

0 | 0

Pu

1.0

3.5

3.3

kg]
EOL

U

80.7

76.7

0

MA

0.09

0.26

0.38

Table 1: Core Inventories at Beginning (BOL) and End of Life (EOL) of the Different
1 GWe PWRs (1300 EFPD Residence Time)

A meaningful comparison of the radio-toxicity hazard potential has to include also the reactor
systems needed to feed the plutonium-consuming reactor. On the basis of the results given in
Table 1, it is concluded that 5.2 and 7.7 standard UO2 -fuelled 1 GWe PWRs are necessary to
feed one 100% MOX and one uranium-free 1 GWe PWR, respectively.

PWR

fuelled with:

UO2

100 % MOX

100 % U-free

Radio-Toxicity hazard
given in [106Sv/GWea] after

103a I 104a | 105a i 106a

l'270 257 ! 14.1 | 2.33

899 162 | 7.38 j 1.80

670 i 109 | 5.20 | 1.69

Table 2 : Radio-Toxicity
Hazard Potential for the
Different 1 GWe PWRs
Scenarios Considered

Accordingly, the radio-toxicity hazard potential given Table 2 and Figure 10 considers the
waste coming from 5.2 PWRs for the 100 % MOX, and from 7.7 PWRs for the uranium-free
fuelled case, on top of the waste produced by the respective plutonium burning reactor.
Obviously, the plutonium unloaded from the UO2-PWRS to feed the respective burners is not to
be directly considered as waste. It contributes to the radio-toxicity only indirectly, i.e. after
being recycled in the burners.

To help to put the radio-toxicity hazards into perspective, a line at 5-106 Sv/GWea is drawn
in Figure 10. This value corresponds to the asymptotic toxicity hazard of the natural uranium
(0.7 % 235U) mass needed to generate 1 GWe per year. As can be seen, the additional radio-
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toxicity hazard due to the fission
products from actually
generating this power falls
below this level after less than
400 years. The radio-toxicity
associated with the actinides
(plutonium and minor
actinides), on the other hand,
reaches this limit only after
lOO'OOO - 200'000 years,
depending upon the fuel type
considered. When comparing
the radio-toxicity hazard in the
period from 1-103 to 1106 years
(Table 2), the uranium-free case
is the most favourable (a factor
of approximately 2 lower than
for the UO2 -fuelled core), with
the MOX case indicating hazard
potentials about 25 - 30%
higher.

107 However, when assessing the
potential of the proposed
uranium-free fuelled PWRs, it
must be borne in mind that the
insolubility of this inert matrix

fuel in water and acids, on the one hand, and the important reduction of the waste volumes by
reprocessing with the utilisation of the chopped claddings, on the other, offer important
advantages over UO2- and MOX- fuelled cores.

Storage time [a]

Figure 10 : Comparison of Hazard Potential
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